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The Hand basic helix–loop–helix transcription factors play an important role in the speciﬁcation and
patterning of various tissues in vertebrates and invertebrates. Here, we have investigated the function of
Hand in the development of the Drosophila wing hearts which consist of somatic muscle cells as well as a
mesodermally derived epithelium. We found that Hand is essential in both tissues for proper organ
formation. Loss of Hand leads to a reduced number of cells in the mature organ and loss of wing heart
functionality. In wing heart muscles Hand is required for the correct positioning of attachment sites, the
parallel alignment of muscle cells, and the proper orientation of myoﬁbrils. At the protein level, α-
Spectrin and Dystroglycan are misdistributed suggesting a defect in the costameric network. Hand is also
required for proper differentiation of the wing heart epithelium. Additionally, the handC-GFP reporter
line is not active in the mutant suggesting an autoregulatory role of Hand in wing hearts. Finally, in a
candidate-based RNAi mediated knock-down approach we identiﬁed Daughterless and Nautilus as
potential dimerization partners of Hand in wing hearts.
& 2013 Elsevier Inc. All rights reserved.Introduction
Hand proteins are members of the Twist-family of class II basic
helix–loop–helix (bHLH) transcriptional regulators implicated in
the development of various tissues in invertebrates as well as in
vertebrates reviewed in (Barnes and Firulli, 2009). Higher verte-
brates possess two paralogous hand genes, hand1 and hand2,
which are expressed in many different cell types and are involved
in the development of the neural crest, placenta, limbs, neurons,
and heart (Cross et al., 1995; Cserjesi et al., 1995; D’Autreaux et al.,
2007; Doxakis et al., 2008; Howard et al., 2000; Riley et al., 1998;
Srivastava et al., 1995; Srivastava et al., 1997). Mostly due to defects
in cardiac development, hand null mutations or loss of function
cause embryonic lethality in zebraﬁsh, chick and mouse (Firulli
et al., 1998; Riley et al., 1998; Srivastava et al., 1995; Srivastava
et al., 1997; Thomas et al., 1998; Yelon et al., 2000). In contrast,
Drosophila harbors only a single hand gene and null mutants
survive at signiﬁcant percentage into adulthood. Mutant animals
have either no or reduced lymph glands and display late morpho-
genesis defects in cardiac tissue and the gut (Han et al., 2006;ll rights reserved.
.de (A. Paululat).
olecular Medicine, University
K.Lo et al., 2007). Adult individuals lacking hand reveal a signiﬁ-
cantly shortened lifespan, most likely due to a failure in food
uptake caused by midgut blockage by excessive development of
ectopic peritrophic membrane and due to malformation of the
dorsal vessel (Lo et al., 2007). In vertebrates as well as
in Drosophila, hand genes are known to be expressed in myogenic
cells, e.g., in cardiomyocytes of the early heart ﬁeld in mice
embryos and in all cardiomyocytes from embryogenesis until
adulthood in Drosophila. Hand is also found in vertebrate smooth
muscles and in Drosophila circular visceral muscles. Until now, the
only example that demonstrates a role for Hand in somatic muscle
development comes from the nematode C. elegans (Fukushige
et al., 2006). Homozygous hnd-1 (hand) or hlh-1 (myoD) mutant
worms are viable and fertile. In contrast, a signiﬁcant percentage
of hnd-1/hlh-1 double mutant worms die during embryogenesis
with severe muscle differentiation defects. Genetic interaction
assays let the authors conclude that striated muscle differentiation
in C. elegans depends on partially redundancy of hlh-1, hnd-1,
which act together with unc-120 (SRF-related). This result is
intriguing because it indicates a potentially conserved role of
Hand also in somatic muscles cells. In Drosophila, so far, the only
somatic muscles that express hand are the muscles found in wing
hearts. These organs are located at the entry point of the posterior
wing veins into the scutellum and act as suction pumps that
draw hemolymph from the wings into the body cavity. Tightly
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acts as a back-ﬂow valve and separates the muscle cells from the
body cavity (Lehmacher et al., 2009; Tögel et al., 2008; Tögel et al.,
2013). Our work shows that the transcription factor Hand is
required for the establishment of the proper cell number in the
mature organs. Furthermore, it is essential for the internal and
external organization of the wing heart muscle cells, including the
orientation of myoﬁbrils, the position of attachment sites in the
epidermis, and the overall alignment of muscle cells. However,
initial steps of organ formation are unaffected in hand null
mutants. Loss of hand has no impact on the speciﬁcation of
embryonic wing heart precursors or on their proliferation during
larval and pupal stages or on the formation of syncytial muscle
cells. The observed defects in sum cause insufﬁcient wing heart
activity, which ultimately leads to a wing maturation defect and
ﬂightlessness of the animals. Our results presented herein provide
the ﬁrst example of hand function in Drosophila muscles with
somatic characteristics, thereby supporting the hypothesis that
Hand proteins might play a conserved role in the somatic
mesoderm (Fukushige et al., 2006).Material and methods
Drosophila strains
w1118 was used as wild-type. All handC-GFP reporter lines used
herein were previously described (Sellin et al., 2006; Tögel et al.,
2008). The hand173 null mutant allele was kindly provided by Frasch
(Lo et al., 2007). Gal4 drivers were: prc-Gal4 (Chartier et al., 2002)
from M. Semeriva, Mef2-Gal4 from H. Nuygen, and handC-Gal4 (our
laboratory). UAS-P35, UAS-mCD8::GFP, Df(3R)Exel6195 (nau, BL7674),
Df(3R)BSC490 (nau, BL24994), Df(2R)ED2098 (cag, BL9277), Df(2R)
BSC314 (cag, BL24340), Df(2L)BSC342 (da, BL24366), Df(2L)BSC209 (da,
BL9637) and nej3 (BL3729) were obtained from the Bloomington
stock center. RNAi lines for knock-down of cag, CG7911, da, hand, Hey,
Lmpt, nau, nej, Nlp, Pka-C1, Pkc53E, pnr, PP2A-B' were obtained from
the Vienna Drosophila RNAi Center (VDRC) (Dietzl et al., 2007).
Immunohistochemistry and histology
Primary antibodies used were mouse anti-Arm 1:3 (N2 7A1,
supernatant, DSHB), anti-Dlg 1:3 (4F3, supernatant, DSHB), anti-βPS-
Integrin 1:3 (CF.6G11, supernatant, DSHB), anti-Prc 1:2 (EC11, super-
natant, DSHB), anti-α-Spectrin 1:30 (3A9, supernatant, DSHB), and
rabbit anti-Dg 1:200 (Deng et al., 2003). Rabbit anti-GFP 1:1000 was
obtained from Abcam (ab6556). Secondary antibodies (Dianova) were
used 1:100 for Cy2-conjugated, and 1:200 for Cy3-conjugated anti-
bodies. ATTO-655 (ATTO-Tec) and TRITC (Fluka) conjugated phalloidin
was used 1:20 and 1:200-1:300, respectively, to stain actin ﬁlaments.
Histological semi-thin sections and transmission electron microscopy
was performed as previously described (Lehmacher et al., 2009).
Time lapse studies
For imaging of pupae, a small glass bottom dish for upright
microscopy was used upside down. The lid of the dish was glued
as bottom to a microscope slide, while the bottom with the cover
slip was used as top. After removal of the puparium with ﬁne
forceps, the pupa was adhered with a drop of Voltalef S10 oil at its
dorsal side in the region of the thorax to the cover slip from the
inside. A commercial rubber band was used to tightly ﬁt the
bottom into the lid. This allowed for the use of oil immersion
objectives and prevented dehydration of the pupa. Additionally,
moistened stripes of ﬁlter paper were put inside the dish to ensure
sufﬁcient ambient humidity (Tögel et al., 2013). Time-lapse imageswere recorded at about eight-minute intervals for at least 30 h
using a 25 (NA 0.8) planapochromatic objective on a Zeiss 5 Pa
laser scanning confocal microscope. Movies were created from
maximum projections of each obtained stack.
Temperature shift experiment
Fly stocks were reared at room temperature. After selection of the
appropriate virgin females and males, the ﬂies were put in vials and
immediately transferred to either 18 1C or 29 1C to ensure that even
mating takes place at the desired temperature. Offspring were then
kept at one temperature till they reached a speciﬁc developmental
stage and were then transferred to the other temperature until
eclosion took place. For staging of pupae at different temperatures,
the table from Atreya and Fernandes was used (Atreya and Fernandes,
2008). In general, development takes twice as long at 18 1C than at
29 1C.
Preparations and image analysis
Pupae were ﬁxed with their puparium on double sided scotch
tape in lateral position and cut in halves with a razor blade. The
dorsal half was then immediately transferred to PBS for preparation.
The internal tissues as well as large parts of the thoracic musculature
were removed with ﬁne forceps. Thereafter pupae were transferred
to a reaction tube for ﬁxation and subsequent antibody staining as
described in (Monier et al., 2005). For RT-PCR, ﬁve pupae carrying the
handC-GFP construct were dissected as mentioned above. In addition,
all green ﬂuorescing tissues were carefully removed except for the
wing heart progenitors in the thorax. The dorsal carcasses were then
used for total RNA preparation (PeqGold total RNA kit, peqlab).
Confocal images were collected with a Zeiss 510 Meta or a Zeiss
5 Pa laser-scanning microscope. For epiﬂuorescence and bright ﬁeld
microscopy, a Leica MZ16FA stereomicroscope or a Zeiss Axioscope
2 microscope was used, both equipped with UV-illumination and a
digital camera. Image capturing was performed with the software
package AnalySIS (SIS software) or Axiovision (Zeiss).
RT-PCR and northern blot
Total-RNA (PeqGold total RNA kit, peqlab) from dissected tissues
was treated with DNase I (Invitrogen) according to the manufacturer's
instructions and used as a template for cDNA synthesis (AMV
First Strand cDNA Synthesis Kit for RT-PCR, Roche). Primer pairs
for amplifying the basic amplicons were: atgtttaagaattccgttgcc
(hand forward, fw), gatgcccaaacatcttgtggc (hand reverse, rv), tgctggtgg-
ctcaacgtcaac (daughterless fw), gcccattccgagtccgtccgc (daughterless rv),
atgcgagtgcgggaaatggtg (nautilus fw), gctcaaactgggcgccaggtt (nautilus
rv), ccggcggcggcaacggatccg (nejire fw), aacggctcctccgccgccagc (nejire
rv), atggaggtaatccagtcccag (cag fw), gcctcctcggtggaatagata (cag rv).
Nested primers were: ttgacgtgcgaatactcaacc (hand fw), caacccgt-
gcggcccttggtc (hand rv), actcgctgcaacaaaaggaat (daughterless fw),
ctggtgaacctgctgctgctg (daughterless rv), gagcggcttccatctcagcca (nautilus
fw), gtcgccatcgcgtgtggtact (nautilus rv), gaacgggtggcgacgacggca (nejire
fw), tccaacgccaccagctcctgc (nejire rv), gagcgaaacaagctatcggtt (cag fw),
ggctctatcagagtcacgggg (cag rv). Ampliﬁcation products of the expected
size (about 450 bp) were cloned into the pGEM-T easy vector
(Promega) and sequenced. Northern blots were conducted with
total-RNA (15 mg/lane) according to standard protocols at a hybridiza-
tion temperature of 67 1C.
Yeast two-hybrid assay
Vectors encoding either the Gal4 binding domain (Gal4-BD,
based on pGBK-T7), the Gal4 activation domain (Gal4-AD, based on
pGAD-T7), or the distinct fusion constructs were transformed into the
Fig. 1. Wing phenotype in hand mutants: (A,B) Wild-type wings appear clear observed by transmitted light, while wings of hand mutants appear opaque. (C,D) Histological
cross sections through a wing of a wild-type ﬂy and a hand mutant stained with toluidine blue. The dorsal and ventral wing surfaces are tightly bonded in wild-type wings,
whereas they remain apart in hand mutants. (E) Flight ability is impaired in hand mutants due to the wing phenotype. (F,G) Many mutant ﬂies exhibit long term effects on
wing morphology independent of the rearing temperature: Either hemolymph accumulates in the wings leading to ﬁlled wings, or wings are ruptured and collapse.
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plasmids on synthetic complete medium lacking leucine and trypto-
phan (SC−leu−trp). As a positive control for interaction the p53 peptide
was introduced with the plasmid pVA3 and the large T-antigen was
subcloned from pTD1 into pGAD424 to yield pJJH1202, which does not
contain the junk sequences of the original vector. Transformants were
grown overnight in liquid medium (SC−leu−trp) to late logarithmic
phase and then diluted 100-fold in sterile water. 10 ml each of the
undiluted culture and of the dilution were dropped onto the media
indicated in Fig. 7J with growth on plates lacking histidine in addition
to the plasmid selection markers (−leu−trp−his) indicating a weak
interaction and growth on plates lacking adenine (−leu−trp−ade)
indicating a strong interaction. Plates were incubated for two days at
30 1C before image acquisition. Contrast was adjusted for each plate
containing all combinations using Corel Photo Paint and the pairs of
spots were then excised and arranged for presentation.Flight test
Flies were maintained at least for one generation at a speciﬁc
temperature. Adult ﬂies were then collected and placed individu-
ally in separate vials to be tested for ﬂight performance the
following day as previously described (Tögel et al., 2008).Results
Hand is crucial for wing maturation and ﬂight ability
Using hand-GFP reporter constructs, it was previously shown
that hand expression is not restricted to embryonic stages
(Kölsch et al., 2002) but is maintained postembryonically in lymph
glands, cardiac tissues, and visceral muscles (Han and Olson, 2005;
Sellin et al., 2006). Additionally, handC-GFP is expressed at all
stages of wing heart development starting from the embryonic
wing heart progenitors until the mature organs in adult ﬂies
(Sellin et al., 2006; Tögel et al., 2008). This prompted us to
investigate the role of hand in postembryonic wing heart devel-
opment using a semi-lethal hand null mutant (Lo et al., 2007).
First, we examined adult homozygous hand mutants for opaque
wings and ﬂightlessness, a phenotype we had previously observed
and analyzed in ﬂies lacking wing hearts (Tögel et al., 2008).
Remarkably, almost all hand mutants showed this phenotype
(Fig. 1A, B and E). Opaque wings result from a wing maturation
defect. In the wild-type, wing blades consist of the tightly bonded
dorsal and ventral cuticle layers without epidermal cells in
between. This unique wing architecture is achieved by wing
maturation, a process that immediately occurs after the wings
have been inﬂated by a sudden inﬂux of hemolymph. During
maturation, the epidermal cells delaminate from the cuticle and
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hemolymph by the pumping action of the wing hearts (Tögel et al.,
2008, 2013). The wing surfaces come together and bond tightly
forming a ﬂexible wing blade. In hand mutant ﬂies, like in ﬂies
lacking wing hearts, the epidermal cells delaminate but remain in
the wings and the bonding of the dorsal and ventral wing surfaces
is omitted resulting in an opaque appearance of the wings (Fig. 1C–
D). Upon aging, ﬂies with wing maturation defects induced by the
ablation of wing heart progenitors (unpublished data) or seen in
homozygous hand mutant ﬂies (this paper), exhibit long term
effects on wing morphology. Frequently, hemolymph accumulates
in the wings leading to ﬁlled wings (Fig. 1F) which impair mobility.
Consequently, ﬂies often fall during climbing attempts onto the
breeding medium and easily rupture their wings (Fig. 1G). With
hemolymph leaking from the wing, ﬂies tend to stick to the
breeding medium which may contribute to the observed shor-
tened lifespan (Lo et al., 2007). Moreover, ﬂies may also actively
destroy their wings during cleaning attempts.
The contracting muscles of mature wing hearts are easily
visible under a bright ﬁeld microscope without staining (Tögel
et al., 2008 and supplemental movie therein). Visual inspection ofFig. 2. Muscle phenotype in handmutants. (A–B') Lateral views of left wing hearts and cr
type, muscle cells run in parallel and are regularly aligned at their anterior and posteri
muscle cells). Muscle 1 splits shortly before its posterior attachment site (arrow). The tw
contains a muscle attachment. (B–B') In the hand mutant, individual muscle cells are twi
regular. Additionally, muscle 5 attaches in the region between anterior and posterior
attachment site contains a normal myotendinous junction (inset shows the same muscle
a mutant (adult ∼24 h old). Due to the irregular muscle arrangement, the mutant is se
contain discontinuous Z-discs (z) and outpockets with numerous mitochondria (mt). (E
myoﬁbrils are found to run at various angles in some regions. (F, H) Cross sections throug
ﬁlaments surrounding each myosin ﬁlament is unaffected in mutants. (I) The number of
investigated organs). (J) Distribution of the number of wing heart muscle cells in wild-ty
and D; 1 mm in E and G, 50 nm in F and H.hand mutant ﬂies clearly revealed that they possess beating wing
hearts. This observation indicated that the wing maturation
defects and ﬂightlessness observed in hand mutants is not caused
by the complete absence of wing hearts but by structural or
functional defects either in the muscle cells or in the wing heart
epithelium.
Hand is essential for the internal organization, alignment, and
positioning of wing heart muscle cells
In order to investigate the general structure and arrangement
of mature wing heart muscle cells in hand mutants, we used
phalloidin to stain ﬁlamentous actin in dissected pupae (50–80 h
APF). Our analysis showed that the number of muscle cells in hand
mutants exhibits a greater variability than in the wild-type (Fig. 2).
The mean of 6.2 muscle cells in the mutant (n¼85 organs) is
signiﬁcantly reduced compared to 7.1 (n¼51 organs) in the wild-
type (Kruskal–Wallis one-way analysis of variance with Steel-
Dwass Test of non-parametric multiple comparison) (Fig. 2I, J).
Nevertheless, the muscle cells are multinucleated indicating that
hand is dispensable for myoblast fusion. In the wild-type, wingoss sections at the position of the dashed line (pupa 450 h APF). (A–A') In the wild-
or attachment sites (vertical brackets; numbers indicate the dorso-ventral order of
o attachment sites are clearly separated by a region (horizontal bracket) that never
sted around each other and the anterior and posterior attachment sites appear less
attachment site (horizontal bracket). Based on βPS-Integrin staining, the ectopic
5). (C and D) Horizontal sections through wing heart muscle cells of a wild-type and
ctioned at a slightly oblique angle. The gross morphology seems unaffected, both
, G) Enlargements of the areas marked by dashed boxes in C and D. In the mutant,
h wing heart muscle cells (adult ∼24 h old). The myoﬁlament array with 9–11 actin
wing heart muscle cells is signiﬁcantly reduced in the mutant (n is the number of
pe and hand mutants (n is the number of investigated organs). Scale bars: 2 mm in C
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posterior attachment site forming a single row of cells in cross
sections. The dorso-ventral order of the muscle cells is the same at
both attachment sites (Fig. 2A, A') (Lehmacher et al., 2009). At the
anterior attachment site, muscle cells attach to the epidermis at a
spot-like area, whereas they show a linear arrangement at the
posterior attachment site. In both cases, the contour of the
attachment site is rather smooth. Furthermore, muscle cells
exhibit a more or less similar diameter and do not branch or form
small extensions towards the epidermis. However, even in the
wild-type, muscle phenotypes such as irregular muscleTable 1
Muscle phenotypes in wild-type, hand mutant and RNAi mediated knock-downs.
imas
(%)
emas
(%)
mb
(%)
mt
(%)
mimr
(%)
imd
(%)
w1118 (n¼51) 11.8 0 5.9 2 5.9 5.9
hand173 (n¼85) 70.6 51.8 34.1 32.9 50.6 18.8
hand4handVDRC23306 (n¼16) 25.0 6.2 0 25 12.5 6.2
hand4daVDRC105258 (n¼9) 33.3 11.1 11.1 33.3 33.3 22.2
hand4nauVDRC51311 (n¼13) 23.1 15.4 0 30.8 100 23.1
hand4cagVDRC103576 (n¼15) 0 0 0 0 0 6.7
Comparison of the various muscle phenotypes shows that da and nau resemble the
hand knock-down the most. However, nauRNAi induces in all individuals muscles
in multiple rows which is neither observed in the hand mutant nor in the hand
knock-down. imas—irregular muscle attachment sites, emas—ectopic muscle
attachment sites, mb—muscles branching, mt—muscles twisted, mimr—muscles
in multiple rows, imd—irregular muscle diameter.
Fig. 3. Wing heart epithelium phenotype in hand mutants. (A) Lateral view of a wing h
outlined by a dashed line). The epithelium consists of an area which is tightly attached to
the muscle cells (upper bracket). The arrow indicates a cell of the epithelium that form
attached to a muscle cell. (B) Wing heart epithelium of a UAS-mCD8::GFP;hand173/hand
predominantly missing in the part that is not attached to the muscle cells (dashed brack
the wing (adult ∼24 h old). The epithelium dorsally extends the muscle cells (indicated b
(whh) from the body cavity (asterisk). (D) Horizontal section of a wing heart muscle cell
with arrow) borders the muscle cells towards the body cavity (asterisk). (E) Cross section
gaps and does not form a continuous layer along the muscle cells. The arrowhead indicate
reduced enabling the fat body to enter the wing heart hemocoel, which additionally blo
heart hemocoel. A muscle cell forms an ectopic attachment to the epidermis (ﬂagged arro
epithelium (the arrowhead indicates the end of the epithelium). The epithelium is partly
muscle cells. Scale bars: 10 mm in C and E; 1 mm in D and F.attachment sites, branching muscles, twisted muscles, muscles in
more than one row (in cross sections), and irregular muscle
diameter occur at a low percentage (Table 1 and Supplementary
data Fig. S1). In hand mutants, the percentage of these phenotypes
is dramatically increased. Additionally, ectopic muscle attach-
ments occur in the region between the anterior and posterior
attachment sites which were never observed in the wild-type
(Fig. 2B). At the ultrastructural level, myoﬁbrils can be found
running not only in longitudinal direction as in the wild-type but
also at oblique angles (Fig. 2C, D, E, and G). However, the
myoﬁlament array is unaffected and displays 9 to 11 actin
ﬁlaments surrounding each myosin ﬁlament (Fig. 2F, H). This
shows that muscle cell fate and function is not impaired in hand
mutants. However, the internal organization of muscle cells is
affected.
Loss of hand leads to gaps and loss of cells in the wing heart
epithelium
Apart from structural defects in the muscle cells, we found that
the wing heart epithelium, which forms a single-layered delimita-
tion towards the body cavity and serves as a backﬂow valve, is
likewise severely affected in hand mutants. To visualize these cells
speciﬁcally, we used pericardin-Gal4 (prc-Gal4) driven membrane
GFP (UAS-mCD8::GFP) which is expressed in all wing heart
progenitors from the embryo until early pupal stages (about 35 h
APF) and then becomes restricted to the wing heart epithelium.
Additionally, prc-Gal4 is expressed in the fat body. Compared toeart epithelium of a UAS-mCD8::GFP;Sp/CyO;prc-Gal4 control ﬂy (pupa 450 h APF;
the muscle cells (indicated by the lower bracket) and an area that dorsally extends
s the margin between these two areas, the arrowhead denotes a cell that is tightly
173;prc-Gal4 ﬂy (pupa 450 h APF; outlined by a dashed line). Mature ﬂat cells are
et). (C) The cross section shows the position of the wing heart at the connection to
y numbers) and functions as a back-ﬂow valve separating the wing heart hemocoel
and tightly attached epithelium (adult ∼24 h old). The very thin epithelium (bracket
through a wing heart of a hand mutant (adult ∼24 h old). The epithelium contains
s the end of the epithelium. Often the ﬂap-like dorsal extension of the epithelium is
cks the passage. Cell debris from the wing maturation process is found in the wing
w). (F) Horizontal section of a mutant muscle cell (adult ∼24 h old) with a gap in the
thicker than in the wild-type (bracket with arrow) and not as tightly attached to the
M. Tögel et al. / Developmental Biology 381 (2013) 446–459 451the wild-type, the number of cells found in the epithelium of hand
mutants is greatly reduced and gaps are visible between cells of
the epithelium which affect its functionality as a backﬂow valve
(Fig. 3A and B). The analysis of sections by transmission electron
microscopy (TEM) revealed, that the fat body is able to enter the
wing heart hemocoel further blocking the hemolymph ﬂow from
the wings to the body cavity as seen by cell debris remaining from
wing maturation in the wing heart hemocoel (Fig. 3C and E). In
addition the wing heart epithelium fails to form a continuous
layer. It is less tightly attached to the wing heart muscle cells and
not always as ﬂat as in the wild-type (Fig. 3D and F).
Loss of hand causes misdistribution of alpha-spectrin, dystroglycan,
and armadillo
The occurrence of misaligned yet functional myoﬁbrils and
irregular attachment sites prompted us to investigate the distribution
of extracellular matrix (ECM) components involved in adhesion and
costamere formation. The latter are cytoskeletal multi-protein com-
plexes that attach sarcomeres to the membrane and are aligned with
Z-discs (reviewed in (Ervasti, 2003)). To test whether the ECM itself is
affected, we stained for Pericardin (Prc), a collagen IV-like protein
(Chartier et al., 2002), which is expressed in the embryonic wing
heart progenitors (Tögel et al., 2008). Prc forms a ﬁbrous network
around the wing hearts, which covers both the epithelium and the
muscle cells and is strongest on the side facing the body cavity.
Additionally, Prc forms strand-like connections towards the epider-
mis and also lines the epidermis of the wing heart hemocoel
(Fig. 4A–A"). Although the outline of the Prc network in hand
mutants is not as regular as in the wild-type, it is likewise strongest
on the side facing the body cavity and surrounds the muscle cells. It
also forms strands towards the epidermis and lines the wing heart
hemocoel demonstrating that Prc is not affected in hand mutants
(Fig. 4B–B"). Next we tested for βPS-Integrin an ECM receptor found
in hemi-adherens junctions, myotendinous junctions, and costa-
meres (Brown et al., 2000; Ervasti, 2003). In both wild-type and
hand mutant, βPS-Integrin is most prominent at the myotendinous
junctions towards the epidermal tendon cells. It is also present at
ectopic attachment sites indicating that they are fully functional
(inset in Fig. 2B and Supplementary data Fig. S4). In addition, βPS-
Integrin is found in stripes co-localizing with Z-discs. Although the
general pattern is unchanged in the mutant, these stripes appear to
be partially weaker than in the wild-type and not as continuous
(Fig. 4C–D" and Supplementary data Fig. S4). Discs large (Dlg), a
member of the membrane-associated guanylate kinase homologs
(MAGUKs) protein family, associated with septate junctions
(Anderson, 1996), shows enrichments at the Z-discs in the wild-
type as well as in the hand mutant (Fig. 4E–F–). Dlg also marks the
sub-synaptic reticulum at the postsynaptic neuromuscular junctions
(Pielage et al., 2006), which seem to be enlarged in hand mutants
(arrowheads in Fig. 4F). In contrast, the distribution of α-Spectrin, a
membrane associated protein which is also found at costameres
(Bennett and Healy, 2009), is altered. In the wild-type, α-Spectrin
forms short horizontal stripes that are arranged in parallel in the
region of the Z-discs. In the hand mutant, this pattern is lost and α-
Spectrin shows a more or less regularly dotted distribution (Fig. 4G–
H"). Finally, we also tested for Dystroglycan (Dg), a transmembrane
receptor of the Dystrophin glycoprotein complex that links extra-
cellular matrix proteins to the actin cytoskeleton (Rybakova et al.,
2000). Dg co-localizes with Z-discs in the wild-type (Fig. 4I–I"), but in
the hand mutant this speciﬁc pattern is not visible. There Dg is
homogenously distributed at the cell surface (Fig. 4 J–J"). Additionally,
we stained for Armadillo (β-Catenin), a component that links
adherens junctions to the actin cytoskeleton. We used prc4mCD8::
GFP to visualize the epithelium in the control as well as in the hand
mutant. In the control animals, the cell borders are outlined bymCD8::GFP and Armadillo accumulates at them (Fig. 3A and arrow-
heads in Fig. 4K–K"). In contrast, in handmutants no proper adherens
zones between the epithelial cells are visible by mCD8::GFP and
Armadillo is only found in spots at larger protruding cellular
connections (Fig. 3B and 4L–L"). All phenotypes described above
occur with a penetrance of 100%.
A conditional gene knock-down reveals a crucial requirement for
hand within a short time window
Since the initial steps of organ formation occur in hand mutant
animals, we postulate that hand is required speciﬁcally during
later steps of wing heart muscle and epithelium formation. To
prove this assumption, we evaluated the time window in which
hand is essential for organogenesis by utilizing the temperature-
sensitivity of the handRNAi mediated gene knock-down. First we
validated by Northern blot analysis that a single hand transcript is
indeed present at all developmental stages and that this transcript
can be knocked-down efﬁciently by an RNAi mediated approach
(Fig. 5A). By performing RT-PCRs with RNA obtained from dis-
sected handC-GFP animals, which had all GFP positive cells
removed except for the wing heart progenitors, we could further-
more conﬁrm that hand is expressed in wing heart progenitors
during pupal development (Fig. 5B). Individuals with the genotype
handC-Gal4; UAS-handRNAi, cultured at 29 1C, survive with high
frequency into adulthood and display opaque wings in 80% of the
cases (Fig. 5C). Northern blot analysis conﬁrmed that hand
expression is efﬁciently down-regulated in such animals
(Fig. 5A). At the morphological and ultrastructural level, affected
ﬂies show malformed wing hearts that mimic the phenotype of
the hand null mutant (Table 1 and data not shown). In contrast,
ﬂies from the same knock-down, but cultured at 18 1C, exhibit
almost no wing maturation defect (Fig. 5C). Accordingly, Northern
blot analysis showed that down-regulation of hand at 18 1C is
considerably less efﬁcient compared to the down-regulation at
29 1C, especially at the pupal stage (Fig. 5A). This ﬁnding stimu-
lated us to perform temperature shift experiments in order to
induce down-regulation of hand in a time speciﬁc manner. We
conducted two series of conditional knock-downs. First, shifting
animals at speciﬁc developmental stages from 18 1C to 29 1C, and
second, the opposite approach, shifting animals at the same
developmental stages from 29 1C to 18 1C. We found that hand is
primarily required between 0 and about 55 h APF which encom-
passes the entire period of pupal wing heart development. How-
ever, the most dramatic increase in animals with wing phenotype
was observed when the shift from 29 to 18 1C occurred after the
prepupal stage. Conversely, the shift from 18 to 29 1C after 45 h
APF had almost no effect (Fig. 5C). The different percentages
observed between the directions of the shift (29 to 18 1C or vice
versa) in the same category (e.g. P 25–35 h APF) may be caused by
the different age of the individual animals within each category,
which may differ by about 10 h. On the other hand, considering
protein stability and turnover rates, it is also conceivable that the
induction of the UAS-Gal4 based RNAi knock-down takes longer
than its shutdown. Taking this into account, the critical time
window, affecting most animals, ranges between 12 and 45 h
APF. We conclude from these results that Hand is crucial especially
during later steps of organogenesis and not involved in the
speciﬁcation of the wing heart progenitors.
The initial events of wing heart development are undisturbed in hand
mutants
Both the wing heart muscle cells and the cells constituting the
epithelium arise from eight embryonic wing heart progenitors.
These cells start to proliferate during the third larval stage and are
Fig. 4. Distribution of ECM components or adhesion molecules in hand mutants. For each staining a wing heart is depicted in a lateral overview and a cross section
(pupa 450 h APF). Overviews are maximum projections of whole confocal stacks or of subsets. Insets are enlargements of the area demarcated by the dashed boxes
and represent single slices of the confocal stacks. (A–B") Like in the wild-type, Pericardin forms a dense network covering mainly the epithelium (arrowheads, compare
A" with B") but is also found around the muscle cells, lining the wing heart hemocoel (double arrowheads), and along the suspending strands (arrows). The
enlargement shows the network covering the muscle surface. (C–D") βPS-Integrin localizes most prominently to the myotendinous junctions in both the wild-type and
the mutant (arrows). The stripe-like localization at the Z-discs (Z) is more pronounced in the wild-type (bracket indicates a sarcomere). (E–F") The distribution of Discs
large is unchanged in the mutant with regard to the pattern in the muscle cells. However, the neuromuscular junctions are more pronounced (arrowheads). (G–H") In
the wild-type α-Spectrin forms short horizontal stripes at the Z-discs. This pattern is changed to a more or less homogenous distribution in the mutant. (I–J") The
Dystroglycan distribution is likewise altered from a striped localization at the Z-discs to a homogenous pattern. (K–L") In the wing heart epithelium, Arm and
membrane-GFP are enriched at the cell borders in UAS-mCD8::GFP;Sp/CyO;prc-Gal4 control ﬂies (arrowheads). In contrast in UAS-mCD8::GFP;hand173/hand173;prc-Gal4
ﬂies neither GFP nor Arm are pronounced at the periphery of the cells. Note the gaps between the epithelial cells and the ﬁlopodia-like extensions which form the only
intercellular contacts. In the larger extensions, Arm is present (arrowheads). Scale bars: in overviews is 50 mm, in enlargements is 5 mm (all overviews and
enlargements in A–J or in K–L are the same size).
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Fig. 5. Conditional knock-down. (A) Northern blot of wild-type and handRNAi
animals shows the different knock-down efﬁciencies at 18 1C and 29 1C, respec-
tively. (B) Nested RT-PCR on RNA preparations isolated from dissected thoraces at
certain stages of pupal development. hand, daughterless, nautilus and nejire mRNA
is expressed in the analyzed tissue while cag transcript cannot be detected. In
respective control experiments without cDNA-templates, no amplicons are visible.
Std¼standard (DNA ladder). (C) Temperature shift experiment using handRNAi.
Animals kept at 18 1C at all stages develop almost no wing phenotype, while
animals kept at 29 1C show only in 20% clear wings. If animals are shifted from
29 1C to 18 1C at speciﬁc points of development (L3—third larval instar, PP—
prepupa, P—pupa), the percentage of individuals with clear wings decreases more
the later the shift occurs during wing heart development. Conversely, if animals are
shifted from 18 1C to 29 1C the percentage increases.
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stage. At about 20 h APF, the cluster splits and the cells of each half
spread laterally to form the bilateral wing hearts in the scutellum
(Tögel et al., 2008). Since both the wing heart muscle cells and
cells of the epithelium are reduced in number in handmutants, we
wanted to know whether these cells are lacking due to insufﬁcient
proliferation or to increased apoptosis. Live cell imaging of wing
heart development in control animals and hand mutants using
Mef2-Gal4 driven UAS-mCD8::GFP revealed that the general devel-
opment is unchanged (Fig. 6A). Although the size of the single
cluster of wing heart progenitors at about 20 h APF seems smaller
in the mutant than in the control, the number of cells is sufﬁcientto form wing hearts of normal size. Furthermore, proliferation
occurs in hand mutants (Fig. 6B) suggesting that there is no lack of
cells. However, it was not possible to assess the rate of prolifera-
tion which might still be lower than in the wild-type. At about
25 h APF, the progenitors have spread laterally and several groups
of two to three tightly associated cells are visible (Fig. 6C). During
the subsequent development, more and more cells are found in
these groups and all groups arrange themselves into parallel rows
(Fig. 6D). Finally, each group develops into a single muscle cell.
Previous ultrastructural investigations have shown that the muscle
cells are syncytial in nature (Lehmacher et al., 2009). Thus, we
assume that the initial groups are the fusion starts, each seeding
an individual muscle cell, and that the increase in cell number is
actually an increase in nuclei due to further rounds of fusions.
However, the actual fusion process could not be imaged with the
used setup. Interestingly, not all growing muscle cells persist till
the mature organ. Some start to lose their stretched out appear-
ance, disintegrate, and the cells are removed by macrophages
(Fig. 6E). At about 35 h APF, the epithelium becomes distinguish-
able as a layer of regularly arranged cells underneath the wing
heart muscle cells. Especially the part of the epithelium that
dorsally extends the muscle cells is visible. By 45 h APF, the
epithelial cells of the control have moved closer together indicat-
ing that tight cell–cell contacts are established. In contrast, almost
no epithelial cell dorsal to the muscle cells remains in the mutant
at this stage. We assume that they failed to establish proper
contacts and were removed by macrophages.
Inhibition of apoptosis restores muscle cell number in hand mutants
A potential role for Hand2 in inhibition of apoptosis has been
suggested in the vertebrate system (Aiyer et al., 2005; McFadden
et al., 2005; Thomas et al., 1998) as well as for Drosophila Hand
(Han et al., 2006). Thus, an important function of Hand in wing
heart formation might be to prevent apoptosis of myoblasts or
epithelial cells. To test whether the loss of muscle cells in the hand
mutant can be rescued by block of apoptosis, we used an approach
that has been successfully applied in embryos of handKO mutants
(Han et al., 2006). We expressed P35, a caspase inhibitor isolated
from a baculovirus (reviewed in Clem, 2001; Goyal, 2001), under
the control of either handC-Gal4 or Mef2-Gal4. While no pheno-
type was observed when expressing P35 under the control of
hand-Gal4 in the embryo (Han et al., 2006), it evoked hyperplasia
and a disorganized arrangement of muscle cells in our control
experiments at 18 1C and 29 1C (Table 2, Supplementary data
Fig. S2). In case of the handC-Gal4 driven control experiment at
29 1C, we additionally tested for defects in wing maturation and
found that 22 out of 79 animals had opaque wings. However,
expression of P35 by Mef2-Gal4 in the hand mutant restored the
number of wing heart muscle cells to almost the wild-type
situation (Table 2). Nevertheless, all animals from the rescue at
18 1C still displayed a wing phenotype (n¼44).
A candidate approach to identify potential hand interaction partners
involved in wing heart development
All reporter lines used in this study to visualize wing hearts are
expressed normally in hand mutants except for the hand reporter.
In the mutant background, the activity of the hand enhancer is
dramatically reduced in all wing heart muscles and the entire
epithelium. The same enhancer in the same individual shows full
activity in cardiomyocytes and pericardial cells indicating that this
enhancer, and thereby the hand gene itself, is autoregulated in
wing hearts speciﬁcally. It was shown by the work of several
groups that Hand proteins are able to form heterodimers with
other bHLH transcription factors (TF) such as the ubiquitously
Fig. 6. Wing heart development in control animals and hand mutants. (A) Images from time lapse movies showing that wing heart development proceeds normally in hand
mutants (UAS-mCD8::GFP;hand173/hand173;Mef2-Gal4) compared to controls (UAS-mCD8::GFP;Sp/CyO;Mef2-Gal4). At about 20h APF, the wing heart progenitors form a single
cluster in the dorsal midline of the pupa (outlined by a white dashed line). In the following only the area marked by the red box is depicted. The cells spread laterally and
start to form muscle cells as well as the epithelium. At about 35h APF the two tissues, muscles and epithelium, are already distinguishable. The lower red bracket indicates
the area of wing heart muscle cells, the upper white bracket the part of the epithelium that dorsally extends the muscle cells. An epithelial cell is marked by an arrow. From
about 45h APF, the epithelial cells have established contact with one another in the control and are visible above the muscle cells until the organ is mature. In contrast, in the
hand mutant the epithelial cells dorsal to the muscle cells are almost completely gone at this stage. (B) Proliferation occurs normally in hand mutants. (C) Like in the control,
groups of 2–3 cells are observed prior to muscle formation. These groups are interpreted as fusion starts (arrows). (D) The groups enlarge and are visible as parallel rows of
multinucleated cells. (E) In both the control and the hand mutant, some of the growing muscle cells disintegrate (arrows point to a dying muscle cell, brackets indicate its
dimension),. Scale bars: 100 mm in A; 10 mm in B, C and E; 20 mm in D.
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Cserjesi, 2002), or the tissue speciﬁcally expressed class II bHLH
factors, e.g. Twist, Hairy-related (Hrt) (Firulli et al., 2000; Firulli
et al., 2005). We therefore made use of the information provided
by the Drosophila Interactions Database (DroID) (Murali et al.,
2011). At that time, twelve potential interaction partners for Hand
were listed (Supplementary data Fig. S3), which had been identi-
ﬁed by genome-wide interaction assays, including the bHLH class I
TF Daughterless (Da), the bHLH class II TF Nautilus (Nau) and the
bHLH class-O (orange domain containing) TF Hey. The latter three
proteins represent the most promising candidates for dimerizationpartners of Hand. To test whether any of the DroID candidates
plays a role in wing heart differentiation, we knocked-down the
respective genes using RNAi lines from the Vienna stock keeping
center. We assumed that the down-regulation of a potential
dimerization partner of Hand, using the highly tissue-speciﬁc
handC-Gal4 driver line, may cause a phenotype similar to that
observed in hand mutants or handRNAi knock-down animals,
which results in a failure of wing maturation. Indeed, we found
that the knock-down of cag, da, Hey, nej, nau, Pka-C1, and Pkc53E
leads to opaque wings at least in some of the ﬂies (Supplementary
data Fig. S3). Although the efﬁciency of the knock-down and thus
Table 2
Rescue of hand173 with P35.
Genotype n °C mean # of WH muscle cells
1: w1118 51 RT 7.1±0.8
2: hand173 85 RT 6.2±1.3
3: +/+;hand4P35 9 RT 9.7±2.1
4: +/+;hand4P35 8 29 12.7±2.7
5: hand173/+;Mef24P35 11 RT 12.4±1.8
6: hand173/+;Mef24P35 8 29 13.7±1.9
7: hand173/hand173;Mef24P35 8 RT 7.9±0.8
8: hand173/hand173;Mef24P35 18 29 7.7±1.4
2 3 4 5 6 7 8
1 *** ** *** *** *** n.s. n.s.
2 *** *** *** *** * **
3 n.s. n.s. * n.s. n.s.
4 n.s. n.s. * **
5 n.s. ** ***
6 * **
7 n.s.
***=P≤0.001; **=P≤0.01; *=P≤0.05; n.s.=not signiﬁcant.
Mean values with standard deviations of muscle cells found in wild-type, hand mutant, control, and rescue experiments (n is the number of investigated organs).
RT - room temperature, WH – wing heart. For data analysis a Kruskal–Wallis one-way analysis of variance and a subsequent non-parametric multiple comparison
(Steel–Dwass Test) were performed. Control experiments show a signiﬁcant increase in the number of muscle cells. In the rescue, the average number is not signiﬁcantly
increased compared to the wild-type.
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the individual construct, suggesting that all of these proteins
might play a role in wing heart differentiation or function, we
concentrated our analysis on those that evoke in about 50% or
more of the animals a wing phenotype. These are the
homeodomain-like TF Cag, the two bHLH TF Da, Nau and the
CREB-binding protein Nej, which were further analyzed with
regard to their ability to affect handC-GFP reporter expression.
Only knock-down of da and nau resemble the effect of loss of hand
on the reporter (Fig. 7A–H'). Furthermore, knock-down of nej leads
either to loss of wing hearts or strongly reduced wing hearts
indicating that this transcription factor plays a more basal role
during wing heart development than Hand. Since in the remaining
cells the reporter activity is normal, Nej is also not involved in
regulation of the reporter. An analysis of the RNAi induced muscle
phenotypes further supports the restriction of the candidates to da
and nau. However, nau shows in 100% of the knock-downs muscle
cells in multiple rows which is not observed in hand mutants
(Table 1). Staining of hand, da and nau knock-downs against α-
Spectrin shows in all three cases a disrupted protein distribution,
comparable to the situation in hand mutants, but not as severe
(Fig. 7I). Thus, based on phenotype similarity, Da and Nau are two
potential dimerization partners of Hand in wing heart develop-
ment. To verify the timing of expression of da and nau in relation
to hand, we applied RT-PCR utilizing reverse transcribed total RNA
isolated from dorsal thoracic tissue as a template. The correspond-
ing data revealed that da, nau and hand are expressed simulta-
neously in the respective tissue (Fig. 5B). To ﬁnally validate an
interaction between Hand and its possible dimerization partners,
we did a yeast two-hybrid (Y2H) based interaction assay and could
conﬁrm strong interactions between both, Hand and Daughterless
as well as Hand and Nautilus (Fig. 7J). Due to the fact that despite
applying different expression systems, including Escherichia coli
and insect cells (High Five, Sf21), we could not express Hand in a
soluble state, conﬁrmation of the Y2H data by pull-down assays
was not possible in our hands. Nevertheless, the Y2H result
showed, that in contrast to the negative controls (vectors encoding
either the Gal4 binding domain (Gal4-BD) or the Gal4 activation
domain (Gal4-AD)), the simultaneous presence of the respective
fusion constructs (Gal4-BD-Hand and Gal4-AD-Daughterless;Gal4-BD-Hand and Gal4-AD-Nautilus) permits growth of the
corresponding yeast cells on selective media and represents
convincing evidence for an interaction between these factors at
the protein level. Furthermore, the fact that the corresponding
cells are growing on plates lacking adenine indicates rather strong
interactions between Hand and Daughterless and Hand and
Nautilus, respectively. In summary, our ﬁndings demonstrate that
Daughterless and Nautilus represent interaction partners of Hand
and that a concerted activity of these factors is required for proper
wing heart development.Discussion
In the present work, we describe the ﬁrst function for Hand in a
subset of adult somatic muscles and in a mesodermally derived
epithelium. Both tissues are components of the wing hearts which
are small muscular pumps required for hemolymph circulation
through the wing veins and for proper wing maturation.
Wing phenotype and long term effects
In hand null mutants, wing hearts are formed but exhibit severe
morphological defects resulting in loss of wing heart function.
Consequently, almost all individuals display opaque wings and are
unable to ﬂy. Moreover, over time many of the mutant ﬂies
accumulate hemolymph in their wings. This long term effect
occurs also very frequently in ﬂies that completely lack wing
hearts (unpublished observation). During wing inﬂation, hemo-
lymph is forced into the wings by elevated hemolymph pressure in
the thorax which is effectuated by rhythmic contractions of the
abdomen. However, this does not result in uncontrolled hemo-
lymph accumulation as observed in animals lacking wing heart
function since the epidermal cells of the wings still interconnect
the opposing wing surfaces at this stage (Johnson and Milner,
1987). Only after their delamination, more hemolymph may
accumulate resulting in balloon-like wings which explains the
long term character of this phenotype. However, since a rather
large amount of hemolymph may accumulate in the wings some
mechanism must exist that prevents backﬂow into the body cavity.
Fig. 7. (A–H) hand reporter expression in selected potential Hand interaction partners. The wing heart muscle cells are visualized by staining for F-actin. All panels depict left wing
hearts from pupae 450 h APF. (A–A') As control, the driver line handC-Gal4;handC-GFPwas crossed withw1118 to generate a heterozygous condition of the reporter. All nuclei of the
muscle cells and the epithelium are GFP positive. (B–B') In the hand mutant, only single GFP positive nuclei are found in some individuals. (C–C') In the hand knock-down, more
nuclei are GFP positive than in themutant but signiﬁcantly fewer that in the wild-type. (D–E') The knock-down of da and nau shows a similar reduction of GFP positive nuclei as the
knock-down of hand. (F–F') The knock-down of cag has no effect on hand reporter expression. (G–H') In the nej knock-down, wing hearts are lacking in the one line and almost
absent in the other line. In the one line that shows remnants of wing hearts, the cells show normal hand reporter activity. (I) α-Spectrin distribution in wild-type, handmutant and
knock-downs of potential Hand interaction partners. Panels depict details of wing heart muscles from pupae 450 h APF. All three knock-downs show only a mild disruption of the
wild-type pattern compared to the handmutant. Scale bar in I is 5 mm. (J) Yeast two-hybrid interaction assay. In contrast to the negative controls (vectors encoding either the Gal4
binding domain (Gal4-BD) or the Gal4 activation domain (Gal4-AD)), the simultaneous presence of the respective fusion constructs (Gal4-BD-Hand and Gal4-AD-Daughterless;
Gal4-BD-Hand and Gal4-AD-Nautilus) permits growth of the corresponding yeast cells. Growth on plates lacking histidine in addition to the plasmid selection markers (−leu−trp
−his) indicates a weak, growth on plates lacking adenine (−leu−trp−ade) indicates a strong interaction. As a positive control for interaction, the p53 peptide was introduced together
with the large T-antigen. Note that in three independent experiments, the combination with Gal4-BD-Hand and Gal4-AD-Daughterless showed less than 10% of the transformation
frequency of all other combinations, indicating a deleterious effect of the gene products when interacting in yeast.
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ﬂow valve exists that prohibits hemolymph ﬂow from the body
cavity into the wing (Lehmacher et al., 2009) and thus is unsui-
table to maintain a large amount of hemolymph inside the wing.
In the region of the hinge, no valves are present and hemolymph
may freely enter or leave the wings. We therefore assume that the
apoptotic epidermal cells that remain in the wings due to loss of
wing heart function form clots in the inﬂow and outﬂow tracts andthereby block hemolymph passage. Animals exhibiting these long
term effects are probably affected in various ways. Most obviously,
ﬂies with ﬁlled wings have difﬁculties moving around and tend to
fall during climbing. However, there are probably also physiologi-
cal effects since the amount of hemolymph trapped in the wings
must be lacking in the body cavity and should therefore affect
internal hemolymph pressure as well as tissue homeostasis. Thus,
we propose that the long term effects on wing morphology may
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mutants (Lo et al., 2007).The hand phenotype at the protein level
Based on handC-GFP reporter activity, wing hearts express hand
throughout their entire development and probably also during
their mature state (Tögel et al., 2008). However, the requirement
for Hand seems only critical during early pupal stages at the time
when the wing hearts are formed. Similarly, hand mutants display
only a phenotype in the adult with regard to the heart and the
midgut indicating that Hand is likewise only required during
metamorphosis in these organs (Lo et al., 2007). In the adult
heart, loss of hand leads to disorganized myoﬁbrils (Lo et al.,
2007), a phenotype that was also observed in mature wing heart
muscles (Fig. 2G). Additionally, we found that the attachment sites
are less regular leading to a disruption of the dorso-ventral order
of the muscle cells and loss of their parallel alignment. In many
cases, muscle cells even form ectopic attachment sites in an area
where they never occur in the wild-type. In an attempt to
characterize the phenotype at the protein level, we found that α-
Spectrin and Dystroglycan are not properly distributed. Both
proteins constitute components of the costameric network
(Ervasti, 2003) and are enriched at the membrane overlying Z-
discs in the wild-type. In hand mutants, however, their pattern is
altered to a more or less homogenous distribution at the mem-
brane. In knock-downs of α- or β-Spectrin in the postsynaptic
neuromuscular junction (NMJ), it was shown that spectrins are
required for normal growth of NMJs and normal distribution of Dlg
at the junctions (Pielage et al., 2006). The enlarged NMJs visible in
the Dlg staining, support the observation that α-Spectrin is
misdistributed in hand mutants (Fig. 4F). The similar localization
of α-Spectrin and Dystroglycan at the membrane raises the
question whether their misdistribution in the mutant is somehow
interconnected or independent of each other. Spectrins are orga-
nized in tetramers, consisting of two α/β-Spectrin heterodimers,
which bind actin and are connected to the plasma membrane via
Ankyrins. Ankyrins, in turn, have binding sites for Dystroglycan
and E-Cadherin and together Ankyrin and the actin/spectrin net-
work are thought to stabilize cell–cell and cell–matrix attachments
(reviewed in Bennett and Baines, 2001; Bennett and Healy, 2009).
A hint that the misdistribution of α-Spectrin and Dystroglycan may
be interconnected comes from observations in Dystrophin deﬁ-
cient mdx mice. There, Dystroglycan and β-Spectrin are both
irregularly distributed but always co-localize. This let the authors
conclude that their organization is coordinated (Williams and
Bloch, 1999). A possible explanation for the general loss of
costamere organization may be that the costameric γ-Actin,
although expressed normally, does not form a stable link between
Z-discs and the membrane in mxd mice (Rybakova et al., 2000).
However, loss of Dystrophin results mostly in the disruption of the
linear arrangement of the proteins at the Z- and M-lines and does
not lead to their homogenous distribution as observed in hand
mutants. Nevertheless, the data obtained in this study and the
phenotypic analysis of loss of function studies strongly suggest
that the Spectrin and Dystroglycan phenotypes in hand mutants
are interconnected caused by a, yet unknown, defect in the
costameric network. Moreover, the misdistribution of these two
proteins suggests that other proteins might be affected in a similar
way including receptors required for directed outgrowth of muscle
cells and proper targeting of tendon cells. This would explain why
many muscle cells attach at improper positions or are misaligned.
However, the cytoskeleton is not affected as a whole since the
muscle cells still attain an elongated shape with attachment sites
at their ends and a wild-typic βPS-Integrin pattern.In the epithelium, loss of hand results in the failure of cells to
integrate into the developing epithelium leading to gaps and the
loss of cells. In mature organs, cells are predominantly missing in
the area that dorsally extends the muscle cells suggesting that
epithelial cells have greater difﬁculties attaching to their own type
than to the muscle cells. On the protein level, we found that Arm
does not localize to the periphery of the cells except for small dot-
like areas in the remaining ﬁlopodia-like cellular interconnections
(Fig. 4L). Arm (β-Catenin) constitutes an intracellular adapter
protein that links the transmembrane receptor E-Cadherin to actin
ﬁlaments in adherens junctions (Peifer, 1995; Tepass and
Tanentzapf, 2001). Adherens junctions are predominantly found
between cells of the same type whereas Integrin based hemi-
adherens junctions connect to the ECM and additionally form
specialized junctions between different cell types (e.g. myotendi-
nous junctions) (Brown et al., 2000). Based on the correct
distribution of βPS-Integrin and the absence of Arm at the cell
borders in hand mutants, it could be that the epithelial cells are
able to form hemiadherens junctions towards the muscle cells but
fail to establish a sufﬁcient number of adherens junctions towards
other epithelial cells. However, an alternative explanation would
be that the formation of hemiadherens junctions is not affected
and the remaining cells are simply too far apart to establish proper
cell–cell contacts. Further experiments are needed to clarify
this point.
Does hand regulate cell number by inhibition of apoptosis?
It has been suggested that Hand proteins are involved in the
inhibition of apoptosis based on the observation that loss of Hand
function leads to hypoplasia (Aiyer et al., 2005; Han et al., 2006;
McFadden et al., 2005; Thomas et al., 1998) and that block of
apoptosis in the mutant background, at least partially, rescues the
hand phenotype (Aiyer et al., 2005; Han et al., 2006). We observe a
similar effect with respect to wing heart cell number (Table 2).
However, live cell imaging showed that also in the wild-type
muscle cells are removed by apoptosis suggesting that this is a
normal process during regulation of muscle cell number. Conse-
quently, block of apoptosis in the controls led to an increase in
muscle cell number. This suggests further that wing hearts in
general have the potential to form more functional muscle cells. In
hand mutants, the same removal of muscle cells occurs indicating
that hand does not in general block apoptosis in wing hearts
(Fig. 6E). Moreover, since the inhibition of apoptosis by P35 also
affects the apoptosis involved in regulation of muscle cell number
we cannot exclude that the observed effect is actually induced
hyperplasia in the mutant background mimicking a rescue instead
of a real rescue of the hand phenotype. Additionally, live cell
imaging showed that the cells of the wing heart epithelium
forming the dorsal extension arise at their correct position in a
sufﬁcient number so that no gaps are visible (Fig. 6A). Only after
they fail to establish proper cell–cell contacts they are removed
from the wing hearts. We therefore propose that loss of cells by
apoptosis in hand mutants is only a secondary effect caused by the
inability of cells to integrate into the forming wing hearts.
Autoregulation of hand and the bHLH network in wing hearts
It has been shown that Hand proteins can function as tran-
scriptional activators in vertebrates (Dai and Cserjesi, 2002) and
invertebrates (Han et al., 2006). However, no direct targets have
been identiﬁed in Drosophila so far. Here, we report that the
handC-GFP reporter line shows almost no activity in wing heart
progenitors during postembryonic development suggesting that
hand itself is a direct target of Hand. Remarkably, in some
individuals a few nuclei of the wing hearts still show reporter
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tion factor involved in postembryonic activation of the reporter.
Moreover, the fact that the hand null mutant is not always a null
with respect to reporter activation makes it a variable phenotype.
Similarly, the severity of the phenotype observed in individual
wing hearts (e.g. left and right side of the same animal) may differ
considerably. So, how can a null mutation cause variable pheno-
types? The answer may lie in the fact that all bHLH transcription
factors need to form homo- or heterodimers for DNA binding
(Massari and Murre, 2000). It was therefore proposed that the
absence of a bHLH transcription factor not only affects its direct
downstream targets but also the entire bHLH factor stoichiometry
within the cell suggesting that the pool of bHLH dimers might be
dynamically balanced. In the absence of Hand, new and presum-
ably also artiﬁcial bHLH dimers are formed which consequently
can cause a variety of delicate differentiation defects (Firulli and
Conway, 2004). The scenario is becoming even more complicated
by the observation that the dimerization property of Hand is
modulated by its phosphorylation state (Firulli et al., 2003) as well
as by the ﬁnding that Hand can inhibit the dimerization of other
transcription factors by blocking their protein interaction sites
(Bounpheng et al., 2000; Funato et al., 2009).
A crucial prerequisite for understanding the bHLH network in
wing hearts is therefore the identiﬁcation of dimerization part-
ners. In our candidate based RNAi approach, we have identiﬁed
two bHLH proteins, Da and Nau, which evoke a phenotype very
similar to the hand mutant. In order to verify the indication that
these factors are interacting with Hand, we applied Y2H analysis
and conﬁrmed an interaction between both, Hand and Da as well
as Hand and Nau at the protein level. Furthermore, in vertebrates
it was shown that these proteins are also able to form hetero-
dimers with each other and that Hand is able to compete for
heterodimer formation and DNA binding (Firulli et al., 2000). Thus,
based on Y2H interaction as well as phenotype similarity, the
potential bHLH network in wing hearts likely includes Hand/Da
and Hand/Nau heterodimers which activate different sets of
downstream genes. In hand null mutants, the balance may be
shifted to Da/Nau heterodimers or even Da/Da or Nau/Nau homo-
dimers which may be able to activate some of Hand's target genes
but with lower or higher efﬁciency. The competition of all these
dimers with different transcriptional activation efﬁciency for the
hand targets might explain the variations observed in the hand
mutants.
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